Laminar and turbulent separated flows around a 6:1 prolate spheroid are investigated using an unstructured grid CFD method. The RANS equations are solved for incompressible viscous flows. The artificial compressibility is introduced in the continuity equation and cell-centered finite-volume method on unstructured grid is used for spatial discretization. The Spalart-Allmaras one-equation turbulence model is employed for the Reynolds stress. The computational results are compared with experimental data and the physics of three-dimensional turbulent flow separation is confirmed. A range of Reynolds numbers and angles of attack is considered and the effects are investigated. The modification of the SpalartAlimaras model is added to improve the performance and examine the effects of turbulence model on the vortical flow structure.
Introduction
The flow separation around a three-dimensional (3D) body is one of the most interesting and challenging problems in fluid mechanics. The separated flow around a body results in many phenomena in aero-and hydrodynamics, such as the drag increase, lift loss, and unsteady fluctuation, etc. Therefore, it is of great importance for designers to understand and predict flow separation around a surface ship, submarine, airplane, or other fluid dynamic devices. Moreover, the complicated flow structure around a yacht keel, pod propulsion unit, and bow bulb of a maneuvering ship cannot be explained without a consideration of flow separation. However, 3D turbulent flow separation around a body has not been very well understood yet.
The separation can be defined as the entire process of departure or breakaway, or the breakdown of boundary layer flow1). Researches on two-dimensional (2D) flow separation have provided basic and important characteristics of the phenomenon, such as adverse pressure gradient, zero-shear point, and flow reversal, etc. However, 3D flow separation is quite different from its 2D counterpart in that, primarily,: the type of separation varies with Reynolds number, angle of attack, and body geometry; the cross flow separation occurs and exerts great influence on the post-separation region and wake; and the flow reversal and zero-shear point are not always present with the separation.
Theoretical and mathematical studies on 3D flow separation were mainly done for laminar flow cases and the nature and type of 3D laminar separated flows2-4) are well explained. Among the arguments, the concept of open and closed type separation proposed by Wang2) is adopted in the present study. An open type separation, similar to the freevortex separation of Maskell3), does not involve singular points and is recognized by surface streamlines coming together along some line and leaving the surface along it. The flow detachment from the surface is usually accompanied by the structure. Although the geometry of interest in the present study is simple, an unstructured grid method, which is usually regarded as an alternative to structured grid methods for complex geometry problems, is employed here because further application to practical problems is the ultimate goal in mind. Mathematical formulation and numerical method employed are presented next followed by sections on results for laminar and turbulent flows, unsteadiness, turbulence model effects, and uncertainty assessment. Finally, concluding remarks and a list of future work are made.
Mathematical Formulation and Numerical Method
In this section, the mathematical formulation and numerical method employed for the unstructured grid flow solver are described. The focus is, however, on the unsteady flow extensions and the modification of the Spalart-Allmaras (SA, henceforth) turbulence model20), since these are new additions to the existing code and the detailed description of main flow solver can be found in Hino 21).
The governing equations are 3D RANS equations for incompressible flow. In order to couple a pressure field with the corresponding velocity one, artificial compressibility is introduced into the continuity equations. Then, the governing equations are written in a vector form as (1) Re =U0L/v , and v and vt are molecular and eddy kinematic viscosity, respectively. It should be noted here that the second term on the left hand side is the physical time derivative term and required for unsteady flow calculations only 22).
The finite volume method is adopted for spatial discretization. First, the computational domain is meshed into unstructured polyhedral cells. Cells of various shapes can be used for the volume meshing and the faces of each cell can be triangles (for tetrahedral) or rectangles (for hexahedra) or combinations (for prisms and pyramids). Flow variables are stored at the center of each cell. For inviscid fluxes, i.e., convection and pressure gradient terms, the second order upwind scheme based on the flux-difference splitting of Roe 23) with the MUSCL approach is employed. Viscous fluxes are evaluated by the second order central scheme.
After the spatial discretization, the first and second terms in equation (1), i.e., time derivative terms, are discretized using Euler backward and the second order backward scheme for pseudo-and physical time derivative terms, respectively. Then the RANS equations can be rewritten as (4) (5) where (6) where A is the Jacobian of F, B is viscous flux linearization matrix, and |A| is the coefficient of artificial dissipation associated with the upwind discretization, and
The linear equation (6) is solved by the Symmetric GaussSeidsl iteration. The pseudo-time iteration continues until the averaged pressure residual between pseudo-time iteration, i.e., continuity equation imbalance, reaches convergence criterion or the iteration number reaches its pre-set maximum.
The eddy viscosity for turbulent flow calculations is obtained by the one-equation SA model. However, the SA model over-estimates the level of vt in the core of vortices, and this phenomenon is thought to be due to the overly strong production term in the transport equation for vt. DaclesMariani et al.24) proposed a new evaluation method for the vorticity in the production term, such that the eddy viscosity is reduced in the regions where the magnitude of vorticity exceeds that of the strain rate, such as in the vortex core where pure rotation should suppress the turbulence. The modification is not effective in thin shear layers where strain rate and vorticity are very close; therefore it does not interfere with the validation of the SA model. The arbitrary constant in the correction equation (see equation (2) in Dacles-Mariani et al.24)) is dependent on the flow structure and the effects are studied for 3D flow separation in the present study.
Results
The results for laminar and turbulent separated flows are presented in this section along with discussions on the unsteadiness in laminar flow, turbulence model effects, and uncertainty assessment. For steady flow cases, the computations were not based on the time-accurate manner and only the converged solutions, which may not reveal all the self-induced unsteadiness in the separation region, are presented. No-slip condition with zero-gradient pressure is imposed on the solid wall and a symmetry condition is applied on the symmetry plane. On the outer boundary, the free-stream condition with a specified angle of attack is given up to x/L=0.0 and a simple extrapolation is done on the remaining outer boundary. Unlike the case for structured grid methods, the difficulty in the coordinate transformation and imposing boundary condition along the topological pole before and after the body is not present, since the present unstructured grid method evaluates fluxes and imposes boundary conditions on face centers.
The computational conditions for the present study are presented in Table 1 . A wide range of angles of attack is this section were computed using the modified SA model24). The correction parameter for vt production term (Cvor) in the turbulence model is set to be 20 based on the authors' experience in CFD simulations for surface ship hull forms. The transition to turbulent flow is forced at x/L = 0.2 following the experiments. In Figs. 11(a) and 11(b), the total velocity |U| contours and the V-W vectors on the planes perpendicular to the body surface at x/L=0.600 and 0.772 are presented and compared with the experimental data. The upper-and lower half in each figure corresponds to the present results and experimental data, the body surface and symmetry plane at one instant (3.25 nondimensional time). Although it has not reached steady oscillation stage yet, the flow pattern reveals that the flow at this Re possesses the characteristics of unsteady flow. Otherwise, the authors believe that the flow must be turbulent at the Re. 
Concluding remarks
Laminar and turbulent flow separations are investigated using an unstructured grid CFD method. Laminar flow results show that the present method can correctly simulate the separated flow field and its development with increasing angle of attack. Also, the effects of the separated flow on the forces and moment are confirmed. Turbulent flow results are different from that of laminar flow in that the separation lines are moved leeward and backward and that the extent of vortices is smaller. The comparison with experimental data shows good agreement and confirms that the present method can be used to predict the 3D turbulent separated flows behind various 3D bodies. The unsteadiness in laminar flow is observed in the present study and confirmed using the unsteady flow calculation scheme implemented in the code. The effects of turbulence model are clearly shown by the comparison of eddy viscosity in the vortex core region, and it is suggested that more refined turbulence modeling is required for 3D separated vortical flows. Finally, verification analysis results present the uncertainties in the numerical simulation.
Future work includes: application to more practical geometry such as various surface and underwater ships; application to unsteady turbulent separated flows such as the separation in maneuvering motion; and improvement of turbulence modeling for a better prediction in the region where strong turbulence anisotropy exists.
Original (top); Modified Cvor = 4 (middle); Modified Cvor=20 (bottom ) Fig. 15 vt contours on the cross plane at x/L = 0.9. 
